Rainfall in the tropics is largely focused in a narrow zonal band near the Equator, known as the intertropical convergence zone. On average, substantially more rain falls just north of the Equator 1 . This hemispheric asymmetry in tropical rainfall has been attributed to hemispheric asymmetries in ocean temperature induced by tropical landmasses. However, the ocean meridional overturning circulation also redistributes energy, by carrying heat northwards across the Equator. Here, we use satellite observations of the Earth's energy budget 2 , atmospheric reanalyses 3 and global climate model simulations to study tropical rainfall using a global energetic framework. We show that the meridional overturning circulation contributes significantly to the hemispheric asymmetry in tropical rainfall by transporting heat from the Southern Hemisphere to the Northern Hemisphere, and thereby pushing the tropical rain band north. This northward shift in tropical precipitation is seen in global climate model simulations when ocean heat transport is included, regardless of whether continents are present or not. If the strength of the meridional overturning circulation is reduced in the future as a result of global warming, as has been suggested 4 , precipitation patterns in the tropics could change, with potential societal consequences.
circulation performs the moisture transport, and is compensated aloft by a dry, southward cross-equatorial flow 6 . Several recent studies [7] [8] [9] have argued that a useful attribution of the hemispheric asymmetry of tropical precipitation can be performed with an examination of the hemispheric asymmetry of the atmospheric energy budget. Tropical precipitation responds to atmospheric heating even from well outside the tropics by shifting towards the heat input [7] [8] [9] [10] [11] [12] [13] [14] . The influence of an extratropical heat source is spread by baroclinic eddies into the tropics, where the Hadley circulation responds with a cross-equatorial component. The anomalous Hadley circulation causes an energy transport away from the hemisphere with stronger atmospheric heating and a moisture transport towards the heating. On the basis of this energetic framework, we perform an attribution of the observed energy input into the atmosphere at the top-of-atmosphere (TOA) and surface, and claim that whatever causes the heating of the Northern Hemisphere atmosphere to be larger is also what causes precipitation to maximize in the Northern Hemisphere tropics.
Despite large differences in land coverage and cloudiness between the hemispheres, much of the globe receives nearly identical net TOA radiative input at a given latitude in both the Northern Hemisphere and Southern Hemisphere (Fig. 2a) . However, when averaged over the hemispheres, the Southern Hemisphere receives 1.5 W m −2 more radiation than the Northern Hemisphere, primarily owing to the area between 17
• and 35
• latitude, with an additional contribution from the polar cap. A map of TOA net radiation (Fig. 2b) shows that the Northern Hemisphere receives less radiation in the critical region of 17
• -35
• because the Sahara and Arabian deserts are a strong net sink of TOA radiation. Owing to their high albedo, these deserts are the only substantial regions between 30
• N and 30
• S that lose energy through radiation, a fact that was inferred in 1969 by the Nimbus III team. The polar cap in the Southern Hemisphere receives more net radiation than the Northern Hemisphere cap owing to the low temperature and low outgoing longwave radiation over Antarctica. The hemispheric difference in radiation can be alternatively partitioned into a similar net shortwave irradiance in each hemisphere, and a larger longwave flux out of the warmer Northern Hemisphere 15 . As the Southern Hemisphere receives slightly more net radiation than the Northern Hemisphere, TOA radiation cannot be the cause of the present-day maximum of tropical rainfall north of the Equator. If there is a larger energy flux into the Northern Hemisphere atmosphere than the Southern Hemisphere atmosphere, it must instead be caused by a northward cross-equatorial ocean heat transport (OHT), and fluxed into the atmosphere at the surface. This is because, in the time mean, whereas the net surface flux over land is zero, over ocean it is balanced by the divergence of OHT. OHT can be estimated from satellite observations and atmospheric reanalyses 3 . The deduced zonally averaged Northern Hemisphere ocean to atmosphere surface heat flux substantially exceeds the Southern Hemisphere equivalent at nearly every latitude poleward of 20
• (Fig. 2c,d ). On average, the Northern Hemisphere atmosphere receives 3.1 W m −2 more upward energy flux from the surface than the Southern Hemisphere corresponding to a northward cross-equatorial OHT of 0.4 PW ( Table 1) . The latitudes in which the Northern Hemisphere surface flux exceeds the Southern Hemisphere by the most are regions of the Gulf Stream and Kuroshio currents (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) • N), and also the latitudes between 45
• and 70
• that encompass regions of deep water production in the North Atlantic and wind-driven upwelling in the Southern Ocean. In the deep tropics a region exists where the Northern Hemisphere flux is larger, owing to upwelling differences between the hemispheres.
The northward cross-equatorial oceanic heat transport occurs in the Atlantic (Supplementary Fig. S1 ), where the surface heat flux has a striking hemispheric asymmetry in the extratropics. The meridional overturning circulation (MOC) facilitates the northward cross-equatorial heat transport in the Atlantic, connecting deep water production in the Nordic Seas and subpolar North Atlantic and upwelling in the Southern Ocean 16, 17 . Simulations of the present climate from Coupled Model Intercomparison Project Phase 5 (CMIP5; 20 models) and Phase 3 (CMIP3; 15 models) all have a larger climatological surface heat flux into the Northern Hemisphere atmosphere than into the Southern Hemisphere atmosphere as well (Supplementary Table S1 ), providing further evidence that a northward crossequatorial OHT is a fundamental aspect of our present climate. The hemispheric asymmetry of TOA radiation is less robust in CMIP3/5; biases in extratropical clouds often lead to excessive heating of the Southern Hemisphere, and thus to the southward intensification of tropical precipitation that characterizes the double inter-tropical convergence zone problem 8 . In some models, the TOA radiation The upward surface plus downward TOA implied transport value corresponds to a southward atmospheric transport. The range and standard deviation are calculated using annual means. Cross-EQ, cross-equatorial.
biases can even overwhelm the northward cross-equatorial ocean transport, leading to a Southern Hemisphere maximum of zonally averaged tropical precipitation. We argue that the structure of the oceanic MOC causes tropical precipitation to maximize in the Northern Hemisphere, by the following mechanism, illustrated in Fig. 3 . The Northern Hemisphere ocean releases heat to the extratropical atmosphere, which is compensated for by a lesser atmospheric heat transport from the subtropics to the extratropics in the Northern Hemisphere than in the Southern Hemisphere. The hemispheric difference between the atmospheric transport is especially striking between 20
• and 50
• latitude, where the Southern Hemisphere transports around 0.5 PW more energy poleward than the Northern Hemisphere ( Supplementary Fig. S2 ). The atmosphere therefore moves less heat poleward from the Northern Hemisphere lower latitudes than from the Southern Hemisphere lower latitudes. The tropical mean circulation responds by transporting energy from the Northern Hemisphere to the Southern Hemisphere. The southward energy transport is accomplished by a northerly crossequatorial flow in the upper branch and an accompanying southerly cross-equatorial flow in the lower branch, which also transports moisture northward, resulting in the Northern Hemisphere peak of tropical precipitation.
An aquaplanet global climate model (GCM) simulation forced with the observed surface heat flux has tropical precipitation peaking clearly within the Northern Hemisphere, at a higher latitude than the observed rain band (Fig. 1c) . This simulation shows that the OHT is more than sufficient to explain the northern peak in zonal mean precipitation. To show that OHT is also necessary to produce a Northern Hemisphere tropical maximum, we use a GCM with full continental geometry and the observed surface flux distribution (Fig. 1c) . When the surface flux in this GCM is symmetrized between hemispheres, the precipitation becomes much larger in the Southern Hemisphere tropics than in the Northern Hemisphere (Fig. 1c) . These simulations support our conclusions from observations, that TOA radiation effects (along with the possible influence of land) would cause a Southern Hemisphere rainfall maximum, and the observed OHT is a primary cause of the Northern Hemisphere maximum.
Our simulations are from atmosphere-only GCMs, and there is the potential for a rich interplay among ocean dynamics, land properties and TOA radiation, which should be studied in detail. For instance, Earth's continental configuration plays an important role in setting the direction and strength of the oceanic MOC. A recent idealized coupled GCM study 14 showed that opening a Southern Hemisphere Drake Passage-like channel anchors deep water production and the tropical rain band in the Northern Hemisphere, explicitly supporting a MOC-determined tropical rain band location within a coupled context. This result has since been shown in an aquaplanet coupled GCM setting 18 . These and other coupled interactions should be further examined in comprehensive GCMs and observations. Our argument by no means precludes the existence of strong local influences on tropical precipitation. Many well-documented local mechanisms shape the east-west asymmetries of rainfall, the seasonal cycle and interannual variability, and seek to explain the Northern Hemisphere peak in tropical rain through tropical processes and continental/topographic features [19] [20] [21] . Indeed, in our comprehensive model simulations with symmetrized OHT, whereas the Pacific and Atlantic intertropical convergence zones clearly shift into the Southern Hemisphere, the Indian Ocean rainfall location is affected much less (Supplementary Fig. S5 ), indicating the primary role of local processes within that basin. The links between coupled tropical and tropical-extratropical dynamics and global energetics should be investigated further as well.
This study on what controls the present tropical precipitation position has strong implications for our understanding of past and future climates. Much palaeoclimate literature focuses on the possibility of changes in the MOC structure and strength. This analysis suggests that such changes would be associated with latitudinal shifts in tropical precipitation. Previous studies with GCMs have shown that MOC slowdowns are indeed accompanied by southward shifts in rainfall over much of the tropics 11 . The role of TOA radiation was also probably different in past climates. For instance, the Sahara Desert was green in the mid-Holocene 22 , which could on its own cause the Northern Hemisphere to receive more radiation than the Southern Hemisphere, and shift tropical rainfall further into the Northern Hemisphere, unless other terms such as clouds could compensate. In contrast, in glacial climates when ice covered much of the Northern Hemisphere, the albedo effect would probably reduce Northern Hemisphere net radiation and push tropical precipitation southward 11 , although reduced outgoing longwave radiation over ice sheets would have a compensating effect.
In the future, owing to global warming, we expect reductions in the strength of the oceanic MOC (ref. 4) , accompanied by changes in surface albedo, clouds, aerosols and ocean heat uptake, presenting a complex challenge for GCM forecasts of tropical precipitation 7, 23 . The complexity of the task is matched by the importance to tropical societies of determining what will, in fact, happen. The analysis of the coupling between energy fluxes, circulation and precipitation presented here provides a useful paradigm for addressing this critical global problem.
Methods
A 10-year mean of the Clouds and the Earth's Radiant Energy System (CERES) Energy Balanced and Filled (EBAF) satellite product 2 from 2001 to 2010 is used to study TOA energetics, which includes contributions from downward solar radiation, upward solar radiation (determined by the distribution of the planetary albedo) and outgoing longwave radiation (determined primarily by the temperature, greenhouse gas concentration, and cloudiness of each column).
Surface heat fluxes are not routinely measured at the ocean surface. The most accurate method to derive the net surface heat flux is, therefore, an indirect one, subtracting atmospheric energy transport estimates based on reanalysis data from TOA satellite observations of net radiative flux. We estimate the implied OHT using the method of ref. 24 applied to the recently released ERA-Interim data set 3 over the same time period as the CERES data (2001-2010). Although this new reanalysis data set is thought to be a significant improvement over previous estimates, there of course remains some uncertainty in any such energy budget estimate. A basic physical expectation can be used to infer the sign of the cross-equatorial OHT without reference to reanalyses; an assumption of thermal directness of the deep tropical overturning, along with the larger TOA flux into the Southern Hemisphere, requires a northward cross-equatorial OHT.
An aquaplanet (ocean-covered) version of the Geophysical Fluid Dynamics Laboratory (GFDL) AM2.1 atmospheric GCM (ref. 25) forced with the observed surface heat flux (Fig. 2d) into the oceanic mixed layer is integrated to demonstrate that the observed surface heat flux is more than sufficient to shift the maximum of zonal mean tropical precipitation to its observed location in the Northern Hemisphere. The ECHAM GCM version 4.6 with realistic geography is additionally used, forced with the observed surface flux distribution in the control case. The symmetrized case with the ECHAM GCM uses a surface flux distribution that is zonally symmetric, with values chosen at each latitude such that the zonal integral of the surface flux is equal to the average between the Northern Hemisphere and Southern Hemisphere zonal integrals of the observed surface flux. 2 so again makes a negligible contribution to our estimate. The observed heat content change of the ocean has been remarkably symmetric between hemispheres over recent decades.
Supplementary Information for "
Meridionally integrating the basin zonal mean net surface flux (which in the time mean equals the basin meridional OHT divergence) provides the meridional OHT for each basin (Fig.   S1 ). The northward cross-equatorial OHT occurs in the Atlantic, a well-known result established both indirectly and directly S2-S4 . The cross-equatorial OHT in the Pacific is near zero, while in the Indian Ocean there is a southward cross-equatorial OHT that is smaller than the northward transport in the Atlantic. Hence the global mean is northward. 3
Poleward Atmospheric Energy Transports
To facilitate comparison of magnitudes, we plot the atmospheric poleward moist static energy transport in the NH and SH on the same curve in Fig. S2 . 
Idealized Model Simulations
The simulations presented in the red line in 
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GCM Simulations with Full Continental Geometry
The simulations presented in the grey lines in Fig. 1c and this section are performed with the ECHAM GCM version 4.6 with realistic geography. In Fig. 1c, we demonstrated 
Hemispheric Asymmetry in Surface Heat Fluxes in GCMs
